Al substitution in hematite is ubiquitous in soils. With the increase of Al amount, the hematite morphology changes from rhombohedral crystals to disk-shaped ones, but the underlying mechanism is poorly understood. Herein, a series of Al-substituted hematite were synthesized and characterized by synchrotron X-ray diffraction (SXRD), field emission scanning electron microscopy (FESEM), high resolution electron transmission microscopy (HRTEM) and extended X-ray absorption fine structure (EXAFS) spectroscopy, to investigate the effects of Al 3+ substitution on the hematite structure and morphology. EXAFS and Rietveld structural refinement analyses find an increase in face-sharing (along 
As one of the most ubiquitous metal oxides in tropic and sub-tropic soils, hematite has significant effects on the physicochemical properties of soils, due to its various morphologies, particle size, large specific surface area, and high affinity for ions and molecules. Therefore, hematite plays an important role in the geochemical behavior and fate of various nutrients, heavy metals and organic pollutants 1 . Besides Fe, other metal cations widely exist during the formation and transformation of iron oxides in soils. They can partly replace Fe 3+ in FeO 6 octahedron without obviously modifying the crystal structure of iron oxides, owing to their ionic radii and properties similar to those of Fe. Previous studies have shown that various metal cations, e.g., Al 3+ [2] [3] [4] [5] [6] [7] [8] . Among them, Al substitution is the most common in both synthetic and natural hematites.
Aluminum substitution shows great effect on the physicochemical properties of hematite including cell parameters, crystal size, morphology and surface hydroxyl amount, which further modify the surface electrical charge, adsorption of foreign ions, magnetic characters, thermal stability, mineral phase transformation, and soil particle aggregation 1, [9] [10] [11] [12] [13] [14] [15] [16] . Especially, the effects of Al substitution on the morphology and specific surface area (SSA) of hematite have drawn wide attention, because they can modify the amount and distribution of surface hydroxyl groups, leading to the alteration of adsorption behaviors towards pollutants, such as phosphorus and znic 17, 18 . The Al substituted hematites synthesized by co-precipitate method showed thinner disk-shaped crystals with larger diameters with higher Al content, indicating the inhibition effect of Al substitution on the crystal growth of hematite in c axis 9, 17 . The plate-like hematite from the inceptisol, ustiaol and oxisol in Brazil showed a diameter twice the thickness 19 . For synthetic Al substituted hematite and the natural hematite from tropic and sub-tropic soil, the decreases of the ratio of MCD (mean crystalline dimension) (104)/MCD (110) indicates the decreases in the thickness of crystals, with increasing Al substitution 20, 21 . In the laterite of South China, hematite with 7.7-11.3% Al substitution has a diameter/thickness ratio of 1.2-2.9, while in the red soil and brown red soil, hematite with 8.4-10.3% Al substitution has a ratio of 1.1-1.6, also indicating the thinner hematite with higher Al content 22 . Although the above-mentioned hematite is formed in the various conditions, Al substitution is probably the main cause of plate-like hematite in soils 23 . The mechanism of metal substitution affecting the morphology of hematite has been discussed previously. Cornell and Giovanoli indicated that, in Cu substituted hematite, the transformation of hematite morphology was caused by the Jahn-Teller effect of Cu 2+ 24 . Without 3d electron, the crystalline field theories cannot be used to explain the effects of Al substitution on the morphology of hematite. In spite of the same valence state and isostructural oxides between Al 3+ and Fe 3+ , Al substitution results in the distortion of FeO 6 octahedron and the increase of OH contents in the mineral structure, due to their different ionic radii, which causes lattice strain 23, 25 . Based on theoretical calculations, the relative stability of crystal faces with low Miller indices can be easily affected by ion adsorption and reaction condition change, because of the similar surface energy of every crystal face1 [26] [27] [28] [29] . This suggests that the mechanism of Al 3+ affecting on the morphology of hematite can be not only explained by lattice strain or anisotropic growth of different crystal faces induced by the adsorption of ion, but also probably connected to the position and properties of substituting metal cations (e.g., radius, electric charge, electronegativity). Additionally, the change of lattice strain and surface energy can be ascribed to the change of reticular density. However, to the best of our knowledge, no study has been reported on the relationship among the Al substitution, reticular density and morphology of hematite.
In this research, a series of Al substituted hematites were characterized by Synchrotron X-ray diffraction (SXRD), Rietveld refinement, field emission scanning electron microscope (FESEM), high resolution electron transmission microscopy (HRTEM) and extended X-ray adsorption fine structure spectroscopy (EXAFS). The effect of the reticular density on the crystal growth were investigated by examining the changes in bond lengths of Fe-Me and O-O pairs after Al incorporation. The results can facilitate a better understanding of the formation of Al-containing hematite in soils and its behavior towards environmentally relevant substances.
Method and Materials
Al-substituted hematite synthesis. A certain amount of Fe(NO 3 ) 3 ·9H 2 O and Al(NO 3 ) 3 ·9H 2 O (Al/ (Al + Fe) = 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13) were dissolved in 500 mL of deionized water at 90 °C, followed by the addition of KOH solution (1 mol L −1 , 300 mL) heated at 90 °C and NaHCO 3 solution (1 mol L −1 , 50 mL). The mixture was stored in an oven at 90 °C for 96 h. Then, a certain amount of ammonium oxalate (pH = 3.2) was added to the mixture, to remove the amorphous components and impurities. The obtained samples were washed several times with deionized water and dried at 60 °C. Finally, the samples were ground carefully in an agate mortar, passed through a 100 mesh screen, and reserved in polyethylene plastic tubes at room temperature. The obtained samples were named as Hem, AlH1, AlH3, AlH5, AlH7, AlH9, AlH11, and AlH13, respectively.
Characterization. Synchrotron XRD (SXRD) was performed between 2° and 52° (2θ) at BL14B1 of the Shanghai Synchrotron Radiation Facility (SSRF) at a wavelength of 0.6884 Å. A Bede scintillation point detector was employed for data collection in flat plate mode. The step size used was 0.01°. BL14B1 is a bending magnet beamline and uses a Si(111) double-crystal monochromator for energy selection. The typical focused beam size is ~ 0.2 mm × 0.3 mm. The specific surface area (SSA) was measured with an Autosorb-1 standard physical adsorption analyzer (Quantachrome Autosorb-1). The samples were degassed under vacuum at 110 °C for 3 h to remove water and adsorbate before the adsorption test. The multi-point BET method was used to calculate the SSA. The crystallite morphology of samples was observed by a JSM-6700F field emission scanning electron microscope (FESEM) at an acceleration voltage of 5 kV and an emission current of 5 μ A. High resolution electron transmission microscopy (HRTEM) in lattice fringe mode was performed on the samples using a JEM2100F electron microscope operating at 200 kV (resolution in the lattice fringe mode 0.102 nm). For element analysis, an accurate amount of 0.1000 g sample was added into 5 mL of HCl solution (5 mol L 
EXAFS.
The EXAFS spectra of Al-substituted hematite were measured at room temperature on the 1W1B beamline at the Beijing Synchrotron Radiation Facility (BSRF). Fe K-edge EXAFS data were collected over the energy range of 6953-7884 eV in transmission mode. A Fe metal foil reference was collected (adsorption edge jump at 7112 eV) to calibrate the monochromator before every sample run.
The analysis of all EXAFS data were performed using IFEFFIT/SixPack 30 . For Fe K-edge spectra, averaged spectra were background-subtracted using the following parameters: E 0 = 7127 eV, R bkg = 0.95, and k-weight = 2. Structural parameters (R, CN, and Debye-Waller factor, σ an amplitude reduction factor (S 0 2 ) of 0.80 from Yin et al. 33 . In all the fits, the number of independent variables used was less than the number of independent data points. During the Fourier transformation and EXAFS data fitting, a Hanning window was used.
Results
Elemental analysis and SSA. The elemental analysis and SSA results of Al-substituted hematite samples are listed in Table 1 . Al substitution results in a lower final Al content than the initial one, with the highest value being 9.23% in AlH13. With the increase of Al substitution, the SSA generally shows an upward trend.
SXRD and Rietveld refinement. The SXRD patterns of Al-substituted hematite samples are presented in Fig. 1 . All the diffraction peaks can be indexed to α -Fe 2 O 3 (JCPDS 33-0664), suggesting that the prepared samples are pure phase. With Al content increase, the intensity of each peak initially increases and then decreases. The relative intensities of these peaks also change. For example, the ratio of (104)/(110) and (214)/(300) decreases.
The Scherrer formula is used to calculate the MCDs of (104) and (110) ( Table 2) 34 . With the Al substitution increase, both MCD (104) and MCD (110) initially increase, but followed by an apparent decrease. The MCD (104) was used to represent the crystal size along c axis, while MCD (110) 13.7414 Å. For all the Al-doped hematite samples, an excellent linear relationship exists between the Al contents and cell parameters a (n = 9, R 2 = 0.96778 ˃ 0.8343, p < 0.01) or c (n = 9, R 2 = 0.8866 ˃ 0.8343, p < 0.01) (Fig. 2) . Vandenberghe et al. also discovered the similar linear relationship between the Al substitution extent and cell parameters a or c, respectively 35 .
The O-O distance in the hematite structure is presented in Table 4 . The O1-O2, O1-O3, O2-O3, O1-O4, O1-O5, O4-O5 bonds are parallel to a-b plane, while O1-O6 bond is parallel to c axis (Fig. 3) . With increasing Al content, the distances of O1-O2, O1-O3, O2-O3, O1-O6 increase while those of O1-O4, O1-O5, O4-O5 decrease. Morphology. The SEM images of Al-doped hematite samples are presented in Fig. 4 . The morphology of Hem is rhombohedral. For the samples with low Al content (AlH3), the crystal remains rhombohedral. However, with Al amount increase, its morphology transforms from rhombohedral to disk-shaped plate, with a smaller thickness and a larger diameter (AlH9 and AlH13), which is consistent with the XRD results.
The HRTEM images of Al-doped hematite are presented in Fig. 5 . The distance between two adjacent fringes is calculated. Without Al content or with low Al content, the fringes correspond to the crystallographic plane (104) of hematite. However, with higher Al content, the fringes correspond to the crystallographic plane (110) of hematite, which indicates the decrease of thickness along c axis. It should be pointed out that the small variation in the certain atom bindings that is excepted as a function of Al doping cannot be distinguished by HRTEM 36 .
Fe K-edge EXAFS. The EXAFS and FT spectra of the Al-substituted hematite samples are presented in Fig. 6 .
For the hematite samples, their spectra are similar, indicating that the Al substitution does not change the basic structure of hematite. The three peaks on the FT spectra are related to the Fe-O shell (R + Δ R~1.5 Å), face-sharing Fe-Fe F and edge-sharing Fe-Fe E shell (R + Δ R~2.6 Å), and corner-sharing Fe-Fe C shell (R + Δ R~3.2 Å), respectively 1 . Considering the low atomic number, the small scatting factor and uncertain position of Al 3+ in hematite, the attribution from Al 3+ was not considered during the EXAFS fitting. The best fits are depicted in the dotted lines in Fig. 6 , overlaid with the experimental data. The fitting results are summarized in Table 5 . With increasing Al content, the Fe-O, Fe-Fe E and Fe-Fe C distances increase slightly, while the Fe-Fe F distance increases apparently.
Discussion
In this study, with the increase of Al substitution, the cell parameters decrease while the Fe-Fe distances increase. This is similar to the observation in previous work 3 . But so far, the mechanism has not been elucidated. Because of the smaller ionic radius of Al 3+ (r = 0.535 Å) than Fe 3+ (r = 0.645 Å) 37 , the substitution of Al 3+ for Fe 3+ results in smaller AlO 6 octahedron. Moreover, the formation of Al-O-Fe atomic chain causes the increase in electron cloud density of Fe-O, and the decrease in the distances of Fe-O bonds, ascribed to the weaker electronegativity of Al 3+ (χ = 1.499) than Fe 3+ (χ = 1.687) 38 . So the Fe atom would be closer to the Al atom, leading to the decrease in the distance of Al-O-Fe bond and the increase in the distances of adjacent Fe-O-Fe (Al-O-Fe-O-Fe) bonds (Figs 3 and 7a) . The unit cell of Al-substituted hematite consists of AlO 6 and FeO 6 octahedrons. Due to the smaller AlO 6 octahedrons than FeO 6 ones, and shorter Al-Fe distances than Fe-Fe, the unit cell parameters of hematite decrease with increasing Al substitution. The decrease in Al-Fe bond distance will cause the increase in several adjacent Fe-Fe bond distances. The Fe-Fe distances obtained from Fe K-edge EXAFS analysis are the average Fe-Fe distances, from which the Al-Fe distances cannot be distinguished. Thus, as revealed by EXAFS fitting, the Fe-Fe distances increase with increasing Al amount.
The strong repulsion force in the Fe-Fe pairs is responsible for the distortion of face-sharing FeO 6 octahedrons, making the O-O distances along the shared face of an octahedron shorter 1 . The weaker electronegativity of Al 3+ than Fe 3+ results in a smaller repulsion force in Al-Fe pairs than in Fe-Fe pairs. Consistent with the result of Rietveld structure refinement, after Al substitution in FeO 6 octahedron, the O1-O2, O1-O3, O2-O3 distances along the shared face of an octahedron increase (Figs 3 and 7b) , making the distances closer to the O1-O6 distance than those in pure hematite (Table 4 ). This indicates that the Al substitution reduces the distortion of face-sharing Fe(Al)O 6 octahedron. EXAFS results show that, with increasing Al content, the Fe-Fe E and Fe-Fe C distances increase slightly, and the Fe-Fe F distance increases obviously (Table 5 ). Due to the greater repulsion force in the Fe-Fe bond in face-sharing FeO 6 octahedrons and the instability of face-sharing FeO 6 octahedrons, the Al substitution in FeO 6 octahedrons facilitates the adjustment of face-sharing FeO 6 octahedrons, leading to the remarkable change of face-sharing Fe-Fe distances.
As shown by the EXAFS results, with increasing Al substitution, the edge-sharing Fe-Fe distance increases by 0.4%, but the face-sharing Fe-Fe distance increases by 4.0% (Fig. 7a) . In the hematite structure, the face-sharing FeO 6 octahedrons are parallel to c axis, and edge-sharing octahedrons are parallel to a-b plane. This indicates that the Al substitution causes the remarkable decrease of Fe reticular density along the c axis, and the slight decrease of Fe reticular density along the a-b plane (Fig. 8) .
The Rietveld structure refinement result (Table 4) show ca. 9.08‰ increase in the O-O ab distance, but ca. 13.63‰ increase in the O-O c distance. This illustrates that Al substitution causes a more significant decrease of O reticular density along c axis than along a-b plane (Fig. 7b) , which is in line with the change of Fe reticular density.
According to the "Law of Bravais", during crystal growth, the difference between reticular densities of atoms causes the changes of attractive force between particles in the medium and the difference in the growth rate of relevant faces. The decrease of the reticular density results in the increase of both the attractive force and growth rate of the relevant faces [39] [40] [41] . In the Al substituted hematite, the Fe and O reticular densities along c axis (nonbasal faces) decrease more obviously than those along a-b plane (basal faces) (Fig. 8 ), leading to a faster growth of the nonbasal faces than the basal faces 17 , and a decrease of the crystal size along c axis. Therefore, the crystal becomes thinner.
It is well known that hematite nanostructure synthesized by hydrothermal or hydrolysis methods usually grows by the combination of diverse crystal growth mechanisms, including Ostwald ripening (OR) and oriented attachment (OA) of nanocrystals 42, 43 . But the connections between Fe, O reticular densities and samples morphology indicate that the effect of OR may play a leading role in the modification of Al-doped hematite morphology.
Conclusion
In this study, the mechanisms of Al substitution on hematite morphology were explored. Owing to the smaller ionic radius and weaker electronegativity of Al 3+ than Fe 3+ , the Al substitution adjusts the shape of the face-sharing FeO 6 octahedrons and changes, to a varying degree, the Fe and O reticular densities of nonbasal and basal faces, which leads to the transformation of hematite crystal from rhombohedral to plate-like. The results presented here provide insights into the underlying interaction mechanisms between metal cations and iron oxide minerals in soils, and also offer useful reference for morphology modification in the design and fabrication of environment-friendly metal oxide adsorbents and catalysts.
